INTRODUCTION
It was recently demonstrated that the Lilly Ca2+ ionophore A23187 can activate sea urchin eggs (Steinhardt and Epel, 1974; Chambers et al., 19741 , as well as eggs of several other species widely separated phylogenetically (Steinhardt et al., 1974) . All these activations were shown to be independent of external calcium and led to the proposal that the release of intracellular ionic calcium may be the universal factor promoting activation of egg metabolism at fertilization (Steinhardt, et al., 1974) .
Since the pioneering experiments of Mazia (1937) who observed an increase in Ca2+ in the ultrafiltrates of homogenates of Arbaciu eggs which had just been fertilized, several efforts have been made to confirm that calcium was released at fertilization. Nigon and Do (19631, Clothier and Timourian (1972) , Steinhardt and Epel (19741, and Azarnia and Chambers (1976) used 45Ca fluxes to demonstrate intracellular calcium release at fertilization in the sea urchin egg. However, the most direct demonstration of calcium release at fertilization was provided by experiments on the much larger egg of the medaka fish, in which it was possible to inject substantial amounts of the photoprotein aequorin and observe a flash at fertilization (Ridgway et al. 1976) .
We report here on our success at using aequorin to study calcium release at fertilization in sea urchin eggs and on the details of the methods used with this more difficult material.
We have also made quantitative estimates of the peak calcium transients at fertilization and ionophore activation and have compared these estimates to a bioassay method for free calcium using isolated cortices.
MATERIALS AND METHODS

Handling
of gametes. The sheddings of Lytechinus pictus gametes were induced by intracoelomic injection of 0.5 M KCl. Jelly was removed by a 1-min exposure to acidified seawater (pH 5) and repeated washing with normal seawater. Sperm was added to dishes in the undiluted form as described below. Eggs were stuck down by the protamine method (Steinhardt et al., 1971) to permit microinjection of the aequorin solution. The dish was placed in a water bath the temperature of which was maintained at 18 f 0.5"C throughout these experiments.
Preparation
and storage of aequorin.
Dr. 0. Shimomura kindly provided us with 1 mg of highly purified (better than 90%) aequorin, suspended in 10 n&f EDTA (ethylenediamine tetraacetic acid) saturated with ammonioum sulfate. This sample was washed into a centrifuge tube with a solution of 10 m&f K,EDTA saturated with ammonium sulfate, was titrated to pH 7.1 with KOH, and was centrifuged for 15 min at 15,000 rpm and 2°C.
We used a microinjection solution consisting of 0.25 M KzS04, 2 $I4 K,EDTA and 10 m&f potassium phosphate buffer at pH 7.5. This solution was designed to have minimal effects on the egg cytoplasm and electrical properties of the membrane, without using anions or other solutes likely to clog the injection pipet tip. The osmotic pressure is not very different from that of cytoplasm.
The pH, although higher than estimates of egg cytoplasm (Johnson et al., 1976) , is the minimum pH at which aggregation of aequorin does not occur (Kohama et al., 1971 ). The EDTA is needed to protect the aequorin from contamination during the preparative procedures. Upon injection into cells, the EDTA is diluted to less than 5 x lo-* M, which should not interfere with either the calcium buffering of the cell or the calciumaequorin reaction. The injection solution was cleared of traces of calcium by passage through a Chelex 100 column (potassium form, 200400 mesh, bed volume 85 ml, equilibrated with 0.5 M potassium phosphate buffer to pH 7.5) and then was Millipore-filtered.
The aequorin pellet (1 mg) was dissolved in 200 ~1 of this solution, yielding a concentration of 0.25 mM (assuming a molecular weight of 20,000; Blinks et al., 1976) . All vessels with which the aequorin or injection solution would come into contact were made of plastic and were thoroughly cleaned and rinsed with a solution of 20 fi K,EDTA (made by diluting 20 mM K,EDTA titrated to pH 7.5 with KOH) which had been Chelexed and Millipore-filtered.
The aequorin sample was freed of traces of ammonium sulfate and excess EDTA by passage through a microcolumn (2-mm i.d.) containing Sephadex G-25 fine beads (bed height 56 mm), topped by a g-mm layer of Chelex 100 (potassium form, 200-400 mesh) which had been equilibrated with microinjection solution. This solution was also used to elute the aequorin, which was collected as 20-~1 droplets in individual Teflon cups with tight-fitting tops and was stored at -80°C. After each droplet had been assayed, the most active droplet was transferred to a plastic petri dish and was stored at -10°C under light mineral oil which had been Chelexed and ultrafrltered. Light emitted by eggs or microsamples of aequorin solution was collected and transmitted to a photomultiplier tube by a fiber optics light guide (l/a in. diameter, 1 R long, N.A. 0.35, American Optical UVLGMS-12) having a high transmittance to blue light.
The light guide was usually mounted at the minimum distance from the source (4.5 mm) so that the light striking all of the surface of the light-guide target was within the acceptance angle of the light guide. This light guide transmitted about 60% of the incident light (manufacturer's calibration) to the photomultiplier tube. The preparation dish and light detection system were enclosed in a lighttight cage.
The aequorin luminescence was measured using an EMI 9789A photomultiplier tube, especially selected for low dark current (0.05 nA at highest anode voltage used). The dark current was maintained at Pipets were usually pulled and cleaned shortly before use.
Micropipets
were filled by immersing the tip in a thawed aequorin droplet maintained at about 5°C on a cold plate (c.f. Bose and Loewenstein, 1976) . The back of the electrode could be connected by a series of valves to either positive or negative pressure.
Using a stereomicroscope, we sucked aequorin solution into the pipet until it clogged. The tip was unclogged by applying a brief pulse of positive pressure, and then the suction was reconnected, and filling was resumed. In this way, we were able to fill relatively sharp pipets with enough aequorin to inject as many as 25-50 eggs.
Eggs were filled with aequorin by pressure injection. The micropipet was held in a pressure-injection microelectrode holder which was connected through a three-way electronic interface valve (ClippardNortheast Fluidics, Fluidamp 2013) to a regulated pressurized air tank. At rest, the pipet was connected to atmospheric pressure.
Brief pulses (about 50 msec in duration) applied through a relay closed the interface valve and provided sharp pressure pulses, about 2.75 bar. The parameters of the pressure pulses were adjusted so that one pulse ejected a volume of aequorin solution approximately equal to 1% of the volume of an egg cell (egg volume about 700 pl; injection volume about 7 ~1). The injection volume was estimated from the diameter (25 pm) of the droplet formed at the tip of the micropipet, when the pipet was held in air and a single pulse of pressure was delivered. This was the largest volume we could inject into egg cells 110 ,um in diameter and still maintain electrical integrity of the cell membrane and obtain reasonably high yields of fertilization.
Certain precautions must be taken to prevent dilution and inactivation of the aequorin in the pipet tip while attempting to penetrate cells. The eggs are in normal seawater, the calcium concentration of which is high enough that pipets filled with aequorin emit a steady light, indicat- DEVELOPMENTAL BIOLOGY VOLUME 58, 1977 ing the inactivation of aequorin in the pipet tip at a rate of 1-5 X lo8 molecules/set. An egg which is microinjected with such a pipet can be assayed for active aequorin by pumping it full of air until it bursts while light emission is monitored. Very little active aequorin is then found in the egg.
In order to prevent dilution and inactivation of aequorin in the pipet tip, pipets with a low tonic emission of light were selected. Moreover, we adopted a procedure in which pressure pulses were applied continuously, at about 0.5 Hz, to the pipet whenever it was immersed in seawater, and, in particular, while micromanipulating the pipet into position for penetrating the egg membrane.
Under these circumstances, the resting level of light emission between pulses is very low, and each injection pulse leads to a transient light emission generating an anode charge of about 50 nC (range 40-80 nC), at an anode voltage of 600 V. For the volume of aequorin solution ejected by one pressure pulse (7 pl), this corresponds to an aequorin activity of 0.19 mM, which is very close to the assayed activity of aequorin (0.20 m&f) in our injection solution before filling the micropipets (see Appendix for method of estimating aequorin activity). Apparently, this method of handling the micropipets is very effective in preserving the activity of aequorin in the tips of the pipets.
With continuous pulsing, we penetrate an egg and stop the pulses after a singlepulse volume of aequorin has been injected. At this instant, we observe a clear region in the cytoplasm just beyond the pipet tip corresponding to the injected fluid. This fluid disperses throughout the egg within about 10 sec. We have several reasons for believing that the injected aequorin remains inside the egg and active.
( Furthermore, removing an implanted pipet results in only a very small flash. These manipulations do not inactivate the aequorin in an egg, nor is there any evidence of prolonged leakage, except in eggs damaged by rough handling.
(4) Once an aequorin pipet has penetrated an egg, no light is emitted by single-pulse (7 pl) injections.
However, as soon as the pipet is withdrawn, single-pulse injections emit light just as before penetration (50-nC anode charge). Thus, the aequorin in the tip of the pipet is protected from inactivation by the low-calcium cytoplasm, and none of the aequorin injected is lost through the cell membrane.
From these measurements, we estimate that we are injecting an egg with 1% of its volume of 0.19 m&f aequorin, the final cytoplasmic concentration of which is about 2.0 fl and remains at this level throughout our experiments.
We also estimate the total anode charge available in one injected egg as 50 nC at an anode voltage of 600 V or 2500 nC at 870 V.
Experimental procedures using injected eggs. Fertilization was accomplished by filling a 5-mm-long glass tube, 1.5-mm i.d., with a fresh suspension of sperm. The tube was lowered by remote control into the dish of eggs, about 1 cm from the eggs injected with aequorin. In parallel experiments we observed elevation of fertilization membranes to occur nearly synchronously (within 10 set) among all eggs injected, which were clustered in an area of about 0.5 mm2. Depending on the distance between eggs and sperm, elevation occurred l-3 min after adding sperm. This Unfertilized egg surfaces 20 ~1 of the ionophore, dissolved in DMSO were isolated as previously described and (dimethyl sulfoxide) at a concentration of 5 were rinsed in a Ca-EGTA buffer containn&f, in the glass tube used for delivering ing a fixed level of free Ca*+ (see Results sperm. The same remote control system and Table 1 ). Fixation was immediately was used with continuous stirring of the performed in the Ca*+ buffer with 2.5% medium bathing the eggs. DMSO without glutaraldehyde, pH 6.7, for 1 hr. The speciionophore had no effect on aequorin-filled mens were dehydrated in ethanol, infileggs. The final concentrations in the dish trated in Freon TC, and dried at the critiwere 40 ,& A23187 and 0.8% DMSO.
cal point in Freon 13. After carbon-platiRapid changes of solution were accom-num coating, the samples were examined plished by a perfusion system controlled in a field-emission scanning-electron mifrom outside the light-tight cage. The per-croscope. fusion rate was 0.5 ml/set; the fluid in the RESULTS petri dish containing the eggs was re-Fertilization placed every 5 sec. Changes in CaCl, were
We could not detect the resting levels of adjusted with NaCl to maintain osmotic calcium ion even if we injected as many as balance in our artificial seawaters.
30 eggs in the same field. However, with Preparation of isolated egg surfaces. De-these multiple injections we could detect a jellied eggs were affixed to a polylysineresponse to fertilization. On the average, coated plastic petri dish (Mazia et al ., about half the eggs injected were invisibly 1975) and were rinsed in seawater to re-injured by the pressure applied and did not move the unattached eggs. These affixed elevate fertilization membranes.
In five eggs were then rinsed five times in a ho-experiments, we filled 16-27 eggs without mogenization medium designed to mimic apparent injury and successfully fertilized the internal ionic environment of the un-from 5 to 17 eggs as judged by normal fertilized egg minus all Ca2+ (0.45 M KCl, elevation of fertilization membranes. Fig-50 mM Hepes buffer (N-2-hydroxyethylpiure 1 shows one of our best results and a perazine N'-2-ethane-sulfonic acid), 1 m&f EGTA [ethylene glycol bis (@aminoethyl ether)-N,N'-tetraacetic acid], 1 mM MgC12, pH 6.7. The tops of the eggs were sheared off by a squirt of the homogenization buffer to reveal the inner surface of the bottom of the cell (Vacquier, 1975 typical result. In our best experiment, the peak current per egg was 0.21 nA (at a photomultiplier voltage of 870 V), and the average peak current per egg was 0.14 -C 0.07 IA Our lowest peak current was 0.053 nA/egg. The latency of the response ranged from 45 to 105 set and depended on the distance of the sperm delivery system and whether we provided mechanical mixing. Our shortest latencies of 45 and 60 set were obtained with close delivery and vigorous mixing, and these experiments also gave high (0.21 nA) peak currents, indicating more synchronous fertilization. With short latencies, the duration of the detectable calcium transient was 140-150 sec. Since the resting level is below our level of detection weare limited to describing only the top shape of the response.
Rapid changes of solution had only minor effects on the fertilization reaction. Figure 3 shows a number of solution changes and the corresponding levels of aequorin emission.
We made numerous attempts to observe an emission of light from a single injected egg following fertilization.
Only once did we detect any response, and this appeared as a miniscule increase in the photon noise which remained detectable for about 1 min. The response was undetectable when plotted on a chart recorder at low speed. We feel that it might be possible to measure the response from one egg using a photomultiplier tube in a pulse-counting configuration, but, with our present techniques, the response from a single egg was too small and unreliable to warrant further study.
The process of perfusion itself occasionally produced a small brief change of light, recorded as seen in Fig. 3A in which we changed the seawater in the petri dish to identical seawater from our perfusion bottle. But, decreasing the external Ca*+ from 11 to 0 mM plus 2 mM EGTA had no effect either on unfertilized eggs or on the emission recorded during fertilization ( Fig.   3% B,).
We could obtain momentary increases in aequorin emission by rapid changes from very low levels of Ca*+ (1 n-N or less) to very high levels (up to 110 mM) in both unfertilized eggs and during emission at fertilization (Fig. 3C1, C,) . However, these increases were very limited in duration and did not change the basic characteristic response at fertilization.
These momentary increases are interpreted by us as a Ionophore Activation Figure 2 shows two activations by cal--cium ionophore, one in seawater and one in zero-calcium 2 mM EGTA seawater. With ionophore, the peak current is similar (0.13 nA/egg), and the duration of de-A tectable light emission is longer (240-300 set) than that following fertilization.
The ionophore result in zero calcium suggests that external Ca*+ does not play a significant role in elevation of internal free Ca2+ ion. This has been confirmed in the following experiments in which we quickly increased or decreased external could not be scored. [Mg*+l + [Mg-EGTAI = lMgtota,l, abnormally low calcium, but do not affect where K, and K, are the apparent binding our basic conclusion that external calcium constants of EGTA with calcium and magdoes not participate in the fertilization re-nesium (Portzehl et al., 1964) . At pH 6.7, action under physiologically normal condiwe calculated K, to be 6.1 x lo5 and K, as tions.
18.4, using 1010.7 as the association conTo test this conclusion further, we fertilstant for EGTA with calcium (Ogawa, ized aequorin-injected eggs at different 1968). levels of calcium without changing soluThe correct estimation of free Ca*+ prestions during the experiment.
At 1 mM ent in solutions of Ca-EGTA buffers reCa2+ the peak current per egg was 0.09 nA; quires that the association constants for at 5.5 mM Ca'+, it was 0.1; and at 55 mM reactions of EGTA with Ca2+, Mg*+, and Ca2+, it was also 0.1. These values are not H+ be known accurately. We have resignificantly different from the average ported here the actual composition of each solution used so that, if new constants are obtained at some future date, our data can then be recalculated (Table 1) . With droplets equal in volume to 10 eggs and injected with the amount of aequorin we would normally inject into 10 eggs, we plotted the current vs free Ca2+ for the range of l-30 a. During each injection of aequorin in these calibrations, the aequorin micropipet is quickly removed from the field to erase emission from the tip due to possible mixing after contact. This relation was found to have a slope of 2.24 * 0.5 (SE), N = 8 points. The second power relationship of aequorin emission to Ca2+ concentration conforms to that previously found (Blinks et al., 1976) . This plot allows us to compare aequorin emission reactions on a per-egg basis during various activation procedures (Fig. 4) .
When calibrated in this manner, which assumes equal distribution of free calcium in the cytoplasm, the peak currents of 0.053-0.21 r&egg correspond to 2.5-4.5 x lo+ M Ca2+ during fertilization.
These calibrations also assume that all the aequorin is accessible to the changes in calcium ion. To test this assumption, we poisoned aequorin-injected eggs with nethyl maleimide (NEM) and monitored the tonic emission as calcium was released. Figure 5 shows this experiment in which light corresponding to 2000 nC (anode voltage, 870 V) was emitted from 7 eggs over a 1 hr period. When the response had died down, we blew up each egg in turn with air injections while monitoring light output. No further emission was recorded, indicat- ing that the NEM-induced Ca2+ release had exhausted all of the injected aequorin. Apparently, none of the injected aequorin was isolated from or prevented from reacting with internal Ca2+.
Bioassay of Peak Calcium Transients
In another effort to estimate free Ca2+ at fertilization, we isolated cortices, added back calcium quantitatively with calibrated solutions prepared in the manner described above, and fixed for observation ules is between 9 and 18 x lo-" M Ca*+ (Fig. 6) . Therefore, the threshold for the in vitro cortical reaction is about five times the amount of free Ca2+, assuming equal distribution in the egg. This result suggests that Ca*+ release is localized in the cortical layer and that the highest Ca*+ levels are confined to the subsurface of the em
DISCUSSION
The chief biological importance of these observations lies in the confirmation by the most specific means possible that calcium release is one of the first consequences of fertilization.
It is especially interesting that we are also able to confirm by these direct methods that calcium ionophore A23187 releases equivalent amounts of calcium. Exposure of sea urchin eggs to micromolar amounts of this ionophore initiates in the normal fashion: the cortical reaction with the elevation of the fertilization membrane, the increase in potassium conductance, the respiratory burst, and the increases in protein and DNA synthesis (Steinhardt and Epel, 1974) . NOW, with this unequivocal demonstration of normal Ca*+ release with ionophore, the calcium hypothesis of activation is greatly strengthened.
The second finding is that we can confirm that the calcium is released from an intracellular store both by normal fertilization and by treatment with the calcium ionophore. There has been one brief report that washing sea urchin eggs with 0 Ca*+ seawater containing 3 mM EGTA prevents ionophore activation of the cortical reaction (Ivy and Rebhun, 1976) . However, this effect requires such extensive washing that 50% of the eggs lyse, and the authors of this report feel that the EGTA is removing intracellular calcium under their conditions (Rebhun, personal communication).
The third finding is the quantitative estimate of 2.5-4.5 r-JM for peak free Ca*+ during fertilization by the aequorin method, assuming equal distribution in the cytoplasm.
This value is two to three orders of magnitude lower than the necessarily crude estimates from homogenates (Mazia, 1937; Steinhardt and Epel, 1974) . In our bioassay, disruption of cortical granules in vitro, the threshold is between 9 and 18 @, roughly five times the amount assuming equal distribution in the cytoplasm.
We, at least tentatively, conclude that this difference indicates that the transient Ca2+ release is confined to the cortical layer and, because of the second power relationship of Ca*+ concentration to aequorin emission, we estimate the release space to be, at most, 4% of the volume of the egg. Thus, our interpretation of this data leads us to propose that the bulk of the cytoplasm never has a Ca'+ concentration as high as 1 PM even during activation.
This upper limit for free Ca*+ could prove to be important in designing conditions for testing biochemical steps in in vitro models of metabolic activation. We are especially pleased to be able to offer this quantitative estimate for sea urchin eggs, since, so far, they are the best material for biochemical studies of fertilization (see Epel, 1975, for review 
